Rationale Nicotine infusions that are self-administered (contingent) or response-independent (noncontingent) increase lever pressing for a reinforcing nonpharmacological stimulus in rats, suggesting that in addition to primary reinforcement, nicotine self-administration may result from nicotine enhancing the reinforcement derived from nonnicotine stimuli. Objectives Based on our previous research, in this study, we tested the hypothesis that contingent and noncontingent nicotine would equally elevate responding for a moderately reinforcing visual stimulus, across a range of nicotine doses on both fixed ratio and progressive ratio reinforcement schedules. Materials and methods The rats lever pressed for a visual stimulus with contingent nicotine, noncontingent nicotine, or contingent saline. Separate groups responded for saline or nicotine without the visual stimulus. Three doses of nicotine (0.01, 0.03, and 0.09 mg/kg per infusion, free base) were tested in a between-groups design. After responding on an escalating fixed ratio reinforcement schedule, the rats were tested on a progressive ratio schedule. Results Compared to responding for the visual stimulus with saline, both contingent and noncontingent nicotine equally elevated lever pressing for the stimulus at each dose on fixed and progressive ratio schedules. In the absence of the stimulus, only the highest nicotine dose sustained self-administration. Conclusions The ability of noncontingent nicotine to elevate responding for a moderately reinforcing visual stimulus occurs across a range of doses, and both selfadministered and noncontingent nicotine equally increase motivation to obtain the stimulus, as reflected by performance on a progressive ratio schedule. In the absence of a contingent stimulus, primary reinforcement from nicotine only supports self-administration at high nicotine doses in rats.
primary reinforcement, these outcomes may be attributed to the capacity of nicotine to nonassociatively facilitate behavior maintained by reinforcing nonnicotine stimuli (Donny et al. 2003; Chaudhri et al. 2005 Chaudhri et al. , 2006 Palmatier et al. 2006) .
In support of the hypothesis that nicotine can enhance reinforced behavior, we have demonstrated that both selfadministered (contingent) and response-independent (noncontingent) intravenous infusions of nicotine elevate responding for a moderately reinforcing, unconditioned visual stimulus (VS, 1-s onset of a white cue light, followed by the offset of a white houselight for 1 min) in rats (Donny et al. 2003) . In this study, the rats that self-administered nicotine in conjunction with the VS also controlled the delivery of noncontingent nicotine or saline to animals that lever pressed for only the VS. Compared to responding for the VS with saline, both contingent and noncontingent nicotine equally and markedly elevated behavior maintained by the VS. This outcome strongly suggests that nicotine can increase the reinforcement derived from nonpharmacological stimuli, through a mechanism that does not require a temporal relationship between nicotine delivery, stimulus presentations, or behavior controlled by the stimulus.
These results were obtained using a unit dose of nicotine (0.03 mk/kg per infusion, free base) that maintains peak levels of operant responding on an escalating fixed ratio (FR) reinforcement schedule when contingent nicotine delivery is combined with a nonpharmacological stimulus (Corrigall and Coen 1989; Donny et al. 1998; Chaudhri et al. 2005) . While the dose-response curve for self-administered nicotine has been well described, the impact of nicotine dose on the reinforcement-enhancing effect of noncontingent nicotine has not been characterized. Therefore, our first aim was to compare the dose-response functions for self-administered and noncontingent nicotine in rats that lever pressed for the VS (described above) on an escalating fixed ratio reinforcement schedule. We tested the specific hypothesis that both contingent and noncontingent nicotine would equally increase responding for the VS, particularly at low nicotine doses. This hypothesis is based on the observations that low nicotine doses are relatively ineffective in supporting the primary reinforcing effects of nicotine when nicotine alone is self-administered (Donny et al. 2003; Chaudhri et al. 2005) and that responding reinforced by the VS can be substantially enhanced by relatively small amounts of nicotine Palmatier et al. 2006) . For example, a low dose of nicotine (0.01 mg/kg per infusion, free base) administered as a continuous noncontingent infusion throughout a 1-h test session markedly increases lever pressing for the VS (Donny et al. 2003) . Furthermore, a single pre-session infusion of subcutaneous nicotine facilitates responding for both our unconditioned VS (Matteson et al. 2006 ) as well as a nonpharmacological conditioned reinforcer (Olausson et al. 2004) .
Noncontingent nicotine does not elevate responding for a minimally reinforcing tone-light stimulus (Chaudhri 2005; Liu et al. 2005) , suggesting that the capacity of nicotine to enhance behavior maintained by nonpharmacological stimuli reflects a nicotine-induced increase in the reinforcing effects of such stimuli: if the stimuli are not reinforcing, there is no effect of nicotine. This effect could be alternatively mediated by an enhancement in the sensory components of the stimulus (Terry et al. 2002) , facilitation of the learning and memory of behavior driven by the stimulus (Levin 2002; Addy et al. 2003) , or an increase in attention directed towards the stimulus (Grilly et al. 2000; Stolerman et al. 2000; Rezvani et al. 2002) . In our second aim, we tested the hypothesis that nicotine increases the reinforcing strength of salient nonpharmacological stimuli by comparing the impact of contingent and noncontingent nicotine on responding maintained by the VS on a progressive ratio (PR) reinforcement schedule, across a range of nicotine doses. In progressive ratio reinforcement schedules, the response requirements for consecutive presentations of a reinforcer are increased within a single session, and the number of reinforcements achieved is interpreted as an index of the reinforcing strength and consequent motivational impact of that reinforcer on behavior (Risner and Goldberg 1983; Markou et al. 1993; Depoortere et al. 1993; Stafford et al. 1998; Donny et al. 1999; Barr and Phillips 1999; Nicola and Deadwyler 2000) . In this study, we predicted that both contingent and noncontingent nicotine would equally enhance the motivation to obtain the VS, resulting in more VS presentations earned in the presence of nicotine compared to saline.
Materials and methods

Subjects
This experiment used two cohorts of male Sprague-Dawley rats (60 rats per cohort, Harlan Farms, 175-200 g on arrival) which were individually housed in a temperaturecontrolled environment (21°C) on a 12-h reversed light/ dark cycle (lights off at 0700 hours). For 7 days before testing the rats were habituated to the colony room, where they had unrestricted access to food, and were weighed and handled daily. After habituation, the rats received 20 g rat chow per day for the remainder of the study. During selfadministration, food was provided in their home cages after each daily session. The rats had unlimited access to water at all times.
Apparatus
Training and experimental sessions occurred in 25× 31×28 cm 3 operant conditioning chambers, which were outfitted with identical retractable levers, a food pellet trough directly in-between the levers, a white cue light above each lever, and an overhead houselight located directly above the pellet trough near the roof of the chamber. During self-administration sessions, the rats were connected to a drug-delivery swivel system that allowed nearly unrestricted movement in the chamber. The responses on the active lever, inactive lever, and reinforcements earned (VS presentations and/or number of infusions) were recorded using an interfaced computer software package (Med Associates, MED-PC IV). Exhaust fans within each sound-attenuating chamber produced a constant background noise (∼75 db), which masked ambient noise as well as auditory cues associated with food and drug delivery.
Food training
Before testing, the animals were habituated to the operant conditioning chambers in a single 20-min session. After overnight food deprivation they were allowed to consume 75 food pellets (45 mg) in a single magazine training session during which both levers were retracted. Next, they were deprived with food overnight and hand-shaped to press the right (active) lever for 75 food pellets on a continuous reinforcement schedule. Rats that did not attain the criterion of responding for and consuming 50 pellets were re-shaped the following day. Responses made on the left (inactive) lever had no scheduled consequences. During magazine and shaping sessions, a dim red houselight, to which Sprague-Dawley rats are relatively insensitive, remained illuminated. No scheduled changes occurred in either visual or auditory stimuli.
Surgery
After training the rats were anesthetized with halothane, implanted with jugular catheters (Donny et al. 1999) , and allowed at least 7 days to recover before the start of selfadministration sessions. For 2 weeks after surgery the rats were treated with heparin and streptokinase to help maintain catheter patency, and with the antibiotic ticarcillan plus clavulanate (Timetin) to reduce post-surgical infections. Thereafter, the catheters were flushed once daily with 0.1 ml sterile heparinized saline containing Timetin (30 U/ml) on weekends, and both before (10 U/ml) and after (30 U/ml) each session on testing days. Catheter patency was determined on days 15 and 27 by infusing a small volume of chloral hydrate through the catheter to induce a temporary loss of muscle tone.
Self-administration sessions
Before self-administration rats were randomly divided into 11 groups. Animals in these groups responded on the active lever for a compound visual stimulus with contingent or noncontingent nicotine or lever pressed for nicotine in the absence of the VS. The delivery of noncontingent nicotine infusions was controlled by the self-administering rats, in a yoked design (Donny et al. 2003) . Control rats responded for the VS combined with saline or for saline infusions without the VS. Three nicotine doses (0.01, 0.03, and 0.09 mg/kg per infusion, free base) were tested in a between-groups design. This range of nicotine doses supports robust self-administration when nicotine delivery is combined with a nonpharmacological stimulus (Corrigall and Coen 1989; Shoaib et al. 1997; Donny et al. 2000) . All infusions were delivered in a volume of 0.1 ml/kg over approximately 1 s. The VS consisted of the onset of a white cue light located above the active lever for 1 s, followed by the offset of a white houselight for 1 min. The houselight offset signaled a timeout period during which responding on the active lever was recorded but not reinforced (Donny et al. 2003) . The rats that lever pressed for nicotine or saline without the VS received an unsignaled 1-min time-out after each infusion (see Table 1 ).
Self-administration sessions began on a Monday and were conducted on weekdays during the dark phase of the light/dark cycle. Fixed ratio sessions (60 min) were run according to an escalating reinforcement schedule (FR1, days 1-5; FR2, days 6-8; and FR5, days 9-17). The same rats were then tested on a progressive ratio reinforcement schedule for 12 days. The PR sessions lasted for 220 min and used the formula 5 × EXP (0.2 × infusion number) − 5 (Depoortere et al. 1993; Donny et al. 1999) , which results in the following sequence of required responses per reinforcement earned: 3, 6, 10, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 179, 219, 268, and 328 .
Statistical analyses
Before statistical analyses, the data for 19 (out of 120) rats that failed in one or both of the chloral hydrate tests for catheter patency and for three additional rats that were identified as statistical outliers using SPSS (v11) were excluded. Outliers exhibited extreme values (>3 box plot lengths from the upper or lower edge of the interquartile range) on >60% of self-administration test days (Lehman 1995) . The present study used two cohorts of rats, with each group represented approximately equally in both cohorts. In the absence of a significant main effect of cohort using analysis of variance (ANOVA), further analyses utilized data collapsed across both cohorts.
FR and PR schedules were analyzed separately to test the hypothesis that contingent and noncontingent nicotine would equally enhance lever pressing for the VS compared to saline, at each nicotine dose tested. Stable behavior on each schedule was characterized by data averaged across the last 2 days of FR5 (days 16-17) and the last 4 days of PR (days 26-29) Donny et al. 2003) . The analyses were not conducted during early phases of acquisition, on FR1 and FR3 reinforcement schedules. Operant responding was analyzed with lever as the withinsubject factor and group as the between-subjects factor, and the number of reinforcements earned (VS presentations or infusions) was analyzed for main effects of group or dose. Significant main effects were verified using targeted three-and four-way ANOVAs with Tukey honestly significant differences post hoc comparisons (α=0.05). With the exception of two groups [nicotine (NIC) + no VS, 0.01 mg/kg per infusion and NIC + no VS, 0.03 mg/kg per infusion], responding on the active lever was significantly higher than on the inactive lever (see Table 1 ). Therefore, only data on reinforcements earned are presented.
Results
Effects of contingent and noncontingent nicotine on responding for the VS
On an FR5 schedule, the number of VS presentations earned was significantly increased by contingent and noncontingent nicotine at each nicotine dose tested (Fig. 1a-c) . Three-way comparisons between contingent NIC + VS, noncontingent NIC + VS, and contingent saline (SAL) + VS at each dose revealed a main effect of group (0.01 mg/kg per infusion, F 2,25 =4.66, p<0.05; 0.03 mg/kg per infusion, F 2,24 =5.68, p<0.05; and 0.09 mg/kg per infusion, F 2,26 =5.40, p<0.05), and Tukey post hoc comparisons confirmed that, at each dose, contingent and noncontingent nicotine were not different from each other, but both were significantly different from saline (p<0.05 for all latter comparisons). A separate analysis of dose and contingency for these six nicotine groups revealed no main effect of dose or contingency and no significant dose by contingency interaction.
Contingent and noncontingent nicotine similarly increased the number of VS presentations earned on a PR schedule compared to saline (Fig. 2a-c) . A significant main effect of group was indicated in three-way ANOVAs between contingent NIC + VS, noncontingent NIC + VS, and contingent SAL + VS at each dose (0.01 mg/kg per infusion, F 2,25 =7.77, p<0.05; 0.03 mg/kg per infusion, F 2,24 =5.65, p<0.05; and 0.09 mg/kg per infusion, F 2,26 =7.71, p<0.05). Tukey post hoc analyses confirmed no difference between nicotine groups at each dose but a significant enhancement in VS presentations earned in the presence of contingent or noncontingent nicotine compared to saline (p<0.05 for latter comparisons).
Using data averaged across the last 4 days of the PR schedule, there was no main effect of dose or contingency and no dose by contingency interaction. However, because behavior on a PR showed less variability across day compared to responding on an FR5 schedule, a separate analysis of dose was conducted for contingent NIC + VS across day (days 18-29) on a PR schedule. This analysis indicated a significant day by dose interaction for the comparison between 0.03 and 0.09 mg/kg per infusion The average responding during the 1-min time-out period after each reinforcer delivery is also indicated for the last 4 days of an FR5 schedule (F 11,176 =3.27, p<0.05); on days 21-24, the number of reinforcements earned by rats self-administering 0.09 mg/ kg per infusion was significantly greater compared to that with 0.03 mg/kg per infusion (Fig. 2b,c) . No other dose comparisons were significant. Nicotine self-administration in the absence of the VS When lever pressing resulted in nicotine infusions without the VS, significant self-administration on both FR and PR schedules was only observed at 0.09 mg/kg per infusion (Fig. 3a,b Nicotine intake ANOVA conducted on the total amount of nicotine (mg/ kg) self-administered by contingent NIC + VS and contingent NIC + no VS groups at each nicotine dose indicated a significant main effect of group (FR5, F 5,39 =24.76, p<0.001; PR, F 5,39 =20.83, p<0.001). When nicotine delivery was combined with the VS there was a dose-dependent difference in the total amount of nicotine self-administered (Fig. 4a) . Post hoc Tukey tests indicate that nicotine intake was significantly higher at 0.09 mg/kg per infusion compared to the two lower doses on both reinforcement schedules (p<0.001 for each comparison). On a PR schedule, there was a trend for rats selfadministering 0.03 mg/kg per infusion to achieve higher intake values compared to 0.01 mg/kg per infusion (p=0.056). In the absence of the VS, nicotine intake was greater at the highest dose tested, compared to 0.01 or 0.03 mg/kg per infusion (p<0.001 for each comparison).
Discussion
In the present study, self-administered (contingent) and response-independent (noncontingent) nicotine administration increased lever pressing for a moderately reinforcing, unconditioned visual stimulus. The magnitude of this effect was equivalent for both nicotine conditions across dose, on both fixed and progressive ratio reinforcement schedules. In the absence of the contingent VS, only the highest nicotine dose (0.09 mg/kg per infusion) sustained infusion rates above saline. These data extend our previous findings that lever pressing for the VS on an FR schedule is elevated by noncontingent nicotine administered either as discrete, pulsed infusions (0.03 mg/kg per infusion) or as a continuous infusion (0.01 mg/kg per infusion) delivered throughout a 1-h test session (Donny et al. 2003) . We have also shown that in the absence of a contingent VS lever pressing with noncontingent nicotine is not different from the low levels of behavior obtained for contingent saline (Donny et al. 2003) . These converging results demonstrate that nicotine can increase the behavior maintained by a moderately reinforcing nonnicotine stimulus across a range of nicotine doses, and strongly suggest that this effect occurs through a nonassociative mechanism.
The interpretation that an increase in operant responding for a contingent stimulus reflects an enhancement in the positive reinforcing value of that stimulus is prevalent in behavioral theories of reinforcement (Stewart 1960; Wise 1987) . In the present study, noncontingent nicotine enhanced lever pressing for a VS using two distinct reinforcement schedules, which have been postulated to provide unique but complementary information about the processes that govern reinforcement. While FR schedules are thought to measure the hedonic impact of a drug, PR schedules have been used to index the motivational strength of pharmacological, natural, and nonpharmacological reinforcers (Risner and Goldberg 1983; Markou et al. 1993; Depoortere et al. 1993; Stafford et al. 1998; Donny et al. 1999; Barr and Phillips 1999; Nicola and Deadwyler 2000) . The demonstration that nicotine, regardless of contingency, increased the number of VS presentations earned on a PR schedule may reflect a nicotine-induced enhancement in the incentive salience of that stimulus. Further experiments are needed to address the specific question of how the increase in reinforcing properties of the stimulus by nicotine is mediated.
Nicotine increased responding for the VS on a PR schedule even though overall nicotine intake was markedly lower on a PR schedule compared to the preceding FR5 schedule, suggesting that the capacity of nicotine to enhance reinforcement can occur with relatively small quantities of the substance. Additional support for this hypothesis comes from a study in which rats responded on one lever for nicotine (0.06 mg/kg per infusion) and on a second lever for the VS ). The response levels on the nicotine lever were low and not different from those of control animals that only had access to contingent nicotine. However, responses for the VS were significantly higher than the behavior exhibited by control rats that only had access to the VS, and more closely approximated the behavior of rats that had access to an inactive lever and an active lever that controlled the delivery of nicotine combined with the VS (i.e., a standard self-administration condition). This study demonstrates that the robust ability of nicotine to increase responding for the VS can be achieved with relatively small amounts of selfadministered nicotine.
The present data corroborate our previous hypothesis that nicotine and nonpharmacological stimuli interact to generate a substantial increase in self-administration, compared to nicotine self-administered in the absence of a contingent stimulus (Caggiula et al. 2002a,b; Donny et al. 2003; Chaudhri et al. 2005 Chaudhri et al. , 2006 Palmatier et al. 2006) . They also illustrate a recurrent observation in our research that the interaction between nicotine and the VS appears to be more pronounced at lower compared to higher nicotine doses: combining the VS with nicotine has a greater impact on responding at 0.01 and 0.03 mg/kg per infusion, compared to 0.09 mg/kg per infusion present data) . In contrast, the primary reinforcing effects of nicotine without a combined nonpharmacological stimulus support moderate levels of behavior at high but not low nicotine doses. These observations suggest that the impact of a contingent nonpharmacological stimulus on behavior may be greater at nicotine doses that demonstrate only weak primary reinforcing effects, compared to nicotine doses that sustain moderate responding on their own. The dose-response function for contingent nicotine combined with a nonpharmacological stimulus is typically a shallow, inverted "U" shape, which peaks at low doses (0.01-0.03 mg/kg per infusion) and declines with increasing dose (Corrigall and Coen 1989; Shoaib et al. 1997; Donny et al. 1998; Rasmussen and Swedberg 1998; Chaudhri et al. 2005) . The absence of a dose effect in the impact of contingent and noncontingent nicotine on responding for the VS in this experiment can be accounted for in at least two ways. First, in contrast to our previous research in which acquisition on an FR schedule is typically tested over 20-25 days (Donny et al. 1999 (Donny et al. , 2003 , the rats in the present study had only 17 days of FR responding before the PR schedule. Dose effects may have conceivably emerged had responding been given longer to stabilize on an FR5 schedule, which may consequently have translated into dose-dependent behavior on a PR schedule. Second, the overall level of behavior obtained in the present experiment was somewhat lower than that in previous observations, as is evident in responding maintained on an FR5 schedule for the VS with saline (e.g., an average of 7.14±0.15 VS presentations in Chaudhri et al. 2005 vs 3.2± 0.22 in the present study). This difference may be attributed to the specific shipments of animals used in this study or to external conditions (e.g., noise levels generated by ongoing construction) that were beyond the control of the experimenters. Regardless, the main effects in the present experiment are similar to pilot studies (unpublished data) and previously reported data (Caggiula et al. 2002a; Donny et al. 2003; Chaudhri et al. 2005) .
A divergence in the dose-response curves for the two nicotine conditions would have implied that the primary reinforcing effects of contingent nicotine can be dissociated from the reinforcement-enhancing effects common to both contingent and noncontingent nicotine, based simply on nicotine dose. Although this conclusion cannot be drawn from the present findings, we have recently demonstrated that the primary reinforcing and reinforcement-enhancing effects of nicotine can be dissociated by varying the reinforcing strength of the contingent nonnicotine stimulus (see Chaudhri 2005 and Chaudhri et al. 2006 , for a review). Contingent and Noncontingent nicotine both elevate responding for nonnicotine stimuli that are moderately or strongly reinforcing. However, if the stimulus is only weakly reinforcing, then behavior maintained by that stimulus is more effectively enhanced by contingent compared to noncontingent nicotine (Chaudhri 2005; Liu et al. 2005) . This interaction has two important conclusions. First, it suggests that the primary reinforcing actions of contingent nicotine can enhance behavior maintained by weak nonpharmacological reinforcers, an effect that could result from the ability of contingent (but not noncontingent) nicotine to establish concurrent stimuli as conditioned reinforcers. Second, it suggests that the capacity of nicotine to enhance reinforcement is less robust if the stimulus itself is not a strong positive reinforcer.
Research on the neurobiology of nicotine suggests that the ventral tegmental area and its dopaminergic projection sites such as the nucleus accumbens may mediate the reinforcement-enhancing effect of nicotine. Nicotine can increase the responsiveness of the mesolimbic dopamine system when dopamine neuron firing switches from tonic to phasic, which could be in response to primary and/or conditioned reinforcers (Rice and Cragg 2004) . Electrophysiological data suggest that nicotine can both disinhibit ventral tegmental area (VTA) dopamine neurons, and cause a glutamate-induced excitation of VTA dopamine neurons (Schilstrom et al. 1998; Grillner and Svensson 2000; Jones and Wonnacott 2004) , creating a dopamine system that is hyper-excited and potentially more responsive to stimulation from incoming pharmacological and nonpharmacological reinforcers (Mansvelder and McGehee 2000; Dani and De Biasi 2001; Mansvelder et al. , 2003 Pidoplichko et al. 2004 ). Finally, the synchronized activation of VTA dopamine neurons by nicotine and by stimulation from incoming rewardrelated information could result in long-term potentiation, a cellular phenomenon implicated in learning and memory (Silva 2003 ) that could strengthen synapses that mediate the reinforcement conveyed by nonnicotine stimuli. Further research is needed to support the hypothesis that a nicotine-induced prolonged excitation of VTA dopamine neurons underlies the reinforcementenhancing effects of nicotine, and to determine the localization and subunit composition of nicotinic acetylcholine receptors that may be involved.
In summary, we demonstrate in this study that the capacity of nicotine to enhance reinforced behavior is not limited by dose or reinforcement schedule. These findings corroborate the hypothesis that nicotine has dual roles in reinforcement: it can function as a weak primary reinforcer when administered contingently (Rose and Levin 1991; Cohen et al. 2005 ) but can also increase reinforced responding, an action that does not require responsedependent nicotine delivery (Donny et al. 2003; Olausson et al. 2004; Chaudhri et al. 2006) . In this respect, nicotine parallels psychostimulant drugs such as cocaine and amphetamine, which have been shown to exhibit analogous dual effects in reinforcement (Robbins 1976; Taylor and Robbins 1984; Robbins et al. 1989; Phillips and Fibiger 1990) . The insight that nicotine can enhance reinforcement through nonassociative mechanisms extends our evolving understanding of how nicotine, a relatively weak primary reinforcer, can mediate complex behaviors such as selfadministration and smoking.
